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PROCESS FOR PREPARATION OF
(3R)-2,4-DI-LEAVING
GROUP-3-METHYLBUT-1-ENE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of and priority to U.S.
Provisional patent application No. 61/565,094, filed Nov. 30,
2011. The content of the above-noted patent application is
hereby expressly incorporated by reference into the detailed
description hereof.

FIELD

This specification relates to a process for the preparation of
(3R)-2,4-di-leaving group-3-methylbut-1-ene, and interme-
diates thereof.

BACKGROUND

Halinchondrin analogs have been disclosed as having anti-
cancer and antimitotic activity (U.S. Pat. No. 6,214,865,
incorporated herein by reference). In particular, Halichondrin
B has been reported as a potent anticancer agent that was first
isolated from the marine sponge Halichondria okadai (U.S.
Pat. No. 6,214,865, WO 2005/118565 Al and WO 2009/
124237 A1, all incorporated herein by reference).

15

20

2

agencies. The second method involves the use of trimethyla-
luminum, a pyrophoric chemical, which can pose a signifi-
cant hazard for large scale reaction.

I‘\_<

There is a need in the art for a process for preparation of
(3R)-2,4-diiodo-3-methylbut-1-ene (7a), and its analogs (7),
that can be used in the preparation of halichondrin natural
products, its derivatives and analogs, such as, for example and
without limitation, eribulin the compounds described in
recent publication of S. Narayan and others (Bioorganic and
Medicinal Chemistry letters, 2011, 1630-1633; Bioorganic
and Medicinal Chemistry letters, 2011, 1634-1638, Bioor-
ganic and Medicinal Chemistry letters, 2011, 1639-1643),
and other eribulin analogs with modified side chains on posi-
tion C32 of eribulin. In addition, there is a need in the art for
a process for preparation of (3R)-2,4-diiodo-3-methylbut-1-
ene (7a), and its analogs (7), that can be prepared from com-
mercially available starting material. Moreover, there is a
need in the art for a process for the preparation of (3R)-2,4-
diiodo-3-methylbut-1-ene (7a), and its analogs (7), that lead
to (3R)-2,4-diiodo-3-methylbut-1-ene (7a), and its analogs

Ta

Halichondrin B

(3R)-2,4-diiodo-3-methylbut-1-ene (7a) has been dis-
closed as a building block in the synthesis of halichondrin
natural products and derivatives ((1)(a) Katrina, L. et al,,
Angewandte Chemie, International Edition, 2009, v. 48, no.
13, 2346-2350, (b) Kim, D-S. et al., Journal of the American
Chemical Society, 2009, v. 131, no. 43, 15636-15641, (c)
Guo, H. et al., Journal of the American Chemical Society,
2009, v. 131, no. 42, 15387-15393, (d) Choi, H-w. et al.
Organic Letters, 2002, v. 4, no. 25, 4435-4438, all incorpo-
rated herein by reference). The preparation of (3R)-2,4-di-
iodo-3-methylbut-1-ene (7a) has been disclosed by two syn-
thetic methods,'? both of which can be unsuitable for large
scale manufacturing of pharmaceutical quality material. The
first approach involves the asymmetric SN2' reaction of a
cuprate. In addition to the difficulties that can be inherent to
cuprate chemistry, the product is isolated in 98% enantio-
meric excess (e.e.), with its enantiomer present in levels well
above the 0.10% that can generally be required by regulatory
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(7), inhigh enantiomeric excess. In addition, there is a need in
the art for a process for preparation of (3R)-2,4-diiodo-3-
methylbut-1-ene (7a), and its analogs (7), where the process is
scalable.

SUMMARY OF THE INVENTION

In one aspect, the specification discloses a process for the
preparation of a compound of formula 7,

LG ‘\_<al

where LG is a leaving group, and hal is a halide and is Cl,
Brorl;
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the process comprising:

conversion of a compound of formula 4 to form a com-
pound of formula 5, where PG is a protecting group and
hal is as defined above;

PGO— PGO hal

4 5

1y, e,
1y, e,

deprotecting the compound of formula 5 to form the com-
pound of formula 6; and

PGO hal HO hal

5 6

w,

converting or substituting the hydroxyl group of the com-
pound of formula 6 to a leaving group LG, to form the
compound of formula 7

HO hal LG hal

6 7

‘u,
,

wherein, LG is as defined above.
In another aspect, the specification discloses a compound

of formula 8
TSO‘\_<

wherein Ts is tosylate CH;C,H,SO.,.

DESCRIPTION

As described above, in one aspect the specification relates
to a process for the preparation of a compound of formula 7,

LG ‘\_<al

where LG is a leaving group, and hal is a halide and is Cl,
Brorl;
the process comprising:
conversion of a compound of formula 4 to form a com-
pound of formula 5, where PG is a protecting group and
hal is as defined above;

[
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4

PGO— PGO hal

4 5

1y, s,
n,

deprotecting the compound of formula 5 to form the com-
pound of formula 6; and

PGO hal HO hal

5 6

converting or substituting the hydroxyl group of the com-
pound of formula 6 to a leaving group LG, to form the
compound of formula 7

HO hal LG hal

6 7

1y, 1,
, ",

wherein, LG is as defined above.

The process for the conversion of a compound of formula
4 to a compound of formula 5 is not particularly limited, and
can take place by the addition of a halide, where the halide is
Cl, Br or L. Different reagents can be used for the addition of
the halide to the alkyne, depending upon the protecting group
and the overall synthetic scheme. The reagent used for addi-
tion of the halide to the alkyne is not particularly limited, and
should also be known to a person of skill in the art or can be
determined. In one embodiment, for example and without
limitation, a hydrogen halide or a borane reagent is used for
addition of the halide to the alkyne. In a further embodiment,
for example and without limitation, the hydrogen halide is
HCI, HBr or HI. In another embodiment, for example and
without limitation, the borane reagent is B-iodo-9-borabicy-
clo[3.3.1]nonane (B—I-9-BBN) or B-bromo-9-borabicyclo
[3.3.1]nonane (B—Br-9-BBN).

A leaving group as disclosed herein is a molecular frag-
ment or stable species that can be detached from a molecule in
a bond-breaking step. The leaving group, in accordance with
the specification, is not particularly limited and should be
known to a person of skill in the art or can be determined. The
ability of a leaving group to depart is correlated with the plc,
of the conjugate acid, with lower plc, being associated with
better leaving group ability. Examples of leaving group
include, without limitation, halide or a sulfonate. Halides can
include, for example, Cl, Br or I. Examples of sulfonates can
include, without limitation, nonaflate, triflate, fluorosul-
fonate, tosylate, mesylate or besylate. In one embodiment, for
example and without limitation, the leaving group is tosylate.
In another embodiment, for example and without limitation,
the leaving group is L.

The process for the conversion or substitution of the
hydroxyl group of the compound of formula 6 to a leaving
group, as described herein, to form the compound of formula
7, 1is not particularly limited, and should be known to a person
of skill in the art or can be determined. In one embodiment,
for example and without limitation, the hydroxyl group is
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converted into a leaving group by formation of, for example
and without limitation, a sulfonate group. In another embodi-
ment, for example and without limitation, the hydroxyl group
undergoes substitution to form a leaving group, for example
and without limitation, a halide.

In a further embodiment, the process for the conversion of
the hydroxyl group into a sulfonate leaving group is not
particularly limited, and should be known to a person of skill
in the art or can be determined. In one embodiment, the
hydroxyl group is converted into a tosylate. Scheme 1 dis-
closes, as an embodiment, where the compound of formula 6a
is reacted with tosyl chloride to form the compound of for-
mula 8.

Scheme 1: Process for preparation of compound of formula 8.

TsO
TsCl
.

In another embodiment, the process for the substitution of
the hydroxyl group into a leaving group is not particularly
limited, and should be known to a person of skill in the art or
can be determined. In one embodiment, the hydroxyl group is
substituted by a halide, for example and without limitation,
Cl, Bror 1. Scheme 2 discloses, as an embodiment, where the
compound of formula 6a is reacted with carbon tetraiodide
and triphenylphosphine to form the compound of formula 7a.

Scheme 2: Process for preparation of compound of formula 7a.

Cly, PPhy

In one embodiment, the compound of formula 4 is formed
from a compound of formula 3, where PG is as described
herein. In a further embodiment, a Corey-Fuchs type reaction,
Seyferth-Gilbert homologation or a Bestmann modification is
carried out on the compound of formula 3 to form the com-
pound of formula 4.

PG0~\_<H

0.

u,

The Corey-Fuchs reaction, also known as the Ramirez-
Corey-Fuchs reaction is known in the art. The reaction results
in the conversion of an aldehyde into an alkyne (Scheme 3).
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6

Without being bound to a particular theory, the reaction,
generally involves reacting an aldehyde with carbon tetrabro-
mide in the presence of triphenylphosphine (PPh,) to form a
dibromoalkene, which can undergo a metal-halogen
exchange in the presence of a strong base, such as, for
example and without limitation, butyl lithium. The reaction
can then be quenched, for example and without limitation,
with water or an alcohol to form an alkyne.

Scheme 3: The Corey-Fuchs reaction

o Br Br
CB 1 i
1y ) BuLi /
PPh; 2) [0 R
R H R’

The Seyferth-Gilbert homologation or its Bestmann modi-
fication reactions are known in the art. These homologation
reactions result in an increase of one additional carbon unit to
the starting material, and similar to the Corey-Fuchs reac-
tions, converts an aldehyde to an alkyne.

The Seyferth-Gilbert homologation reaction is shown in
Scheme 4 (reaction shown for a ketone), and involves use of
dimethyl(diazomethyl)phosphonate. The Bestmann modifi-
cation (Scheme 5) of the reaction involves use of dimethyl-
1-diazo-2-oxopropylphosphonate that yields dimethyl(diaz-
omethyl)phosphonate in situ.

Scheme 4: A representative Seyferth-Gilbert homologation reaction.

O
i
\
|5e
O N R
A =
OK*

Scheme 5: A representative Bestmann modification of the Seyferth-Gilbert
homologation reaction.

o
O_
C P
~ \
O_
N®
o
2 /
K,CO5, McOH, 0° C. R

R o

In an embodiment, modifications of the Corey-Fuchs, Sey-
ferth-Gilbert or the Bestmann modification reaction can be
used to carry out the reaction, so long as the reaction results in
the formation of the alkyne. In a further embodiment, other
reactions may be used to convert an aldehyde, ketone, ester,
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anhydride, ester or other analogs into the desired alkyne. In a
still further embodiment, the compound of formula 3 is
reacted with dimethyl-1-diazo-2-oxopropylphosphonate to
form the compound of formula 4.

In one embodiment, the compound of formula 3 can be
prepared, as shown in Scheme 6, from the compound of
formula 1. Ina further embodiment, the compound of formula
1isa (R)-(-)-3-hydroxy-2-methylpropionic acid methyl ester
(Roche ester) 1a (where R is methyl) that can be commer-
cially available in high enantiomeric purity (ca. 99.9%e.e.) or
can be prepared. The use of a high enantiomeric purity of a
starting material can help to obtain the compound of formula
3, and from thereon, the compound of formula 7, in high
enantiomeric excess. In one embodiment, for example and
without limitation, the enantiomeric purity of any one of the
compounds of formula 2 to 8 is about 99.0%, 99.1%, 99.2%,
99.3% 99.4%, 99.5%, 99.6%, 99.7%, 99.8%, 99.9% e.e. or
any values in between.

As shown in Scheme 6, the process involves protecting the
hydroxyl group of the compound of formula 1 to form the
compound of formula 2, followed by reducing the carbonyl
carbon of the compound of formula 2 to form the compound
of formula 3.

Scheme 6: Process for formation of compound 3 from compound 1.

HO OR PGO OR
DY
& 0 s 0
1 2
PGO OR PGO H
N =
§ 0 § 0
2 3

The R group in the compound of formula 1 is not particu-
larly limited, and should be known to a person of skill in the
art or can be determined. In one embodiment, the R group is
an alkyl group or an aryl group. The length of the alkyl group
or the number of atoms in the alkyl group or the aryl group are
not particularly limited, and should be known to a person of
skill in the art or can be determined. In one embodiment, for
example and without limitation, the alkyl group is a C, ¢
alkyl. In another embodiment, for example and without limi-
tation, the aryl group is a C4_,, aryl.

The term C, _¢ alkyl in accordance with the specification is
not particularly limited and should be known to a person of
skill in the art. The C, 4 alkyl may be, for example, and
without limitation, any straight or branched alkyl, for
example, methyl, ethyl, n-propyl, i-propyl, n-butyl, i-butyl,
sec-butyl, t-butyl, n-pentyl, i-pentyl, sec-pentyl, t-pentyl,
n-hexyl, i-hexyl, 1,2-dimethylpropyl, 2-ethylpropyl, 1-me-
thyl-2-ethylpropyl, 1-ethyl-2-methylpropyl, 1,1,2-trimethyl-
propyl, 1,1,2-triethylpropyl, 1,1-dimethylbutyl, 2,2-dimeth-
ylbutyl, 2-ethylbutyl, 1,3-dimethylbutyl, 2-methylpentyl or
3-methylpentyl.

The term aryl in accordance with the specification is not
particularly limited and should be known to a person of skill
in the art. The term “aryl” refers to aromatic groups which
have at least one ring having a conjugated-electron system
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8

and includes carbocyclic aryl, heterocyclic aryl (also known
as heteroaryl groups) and biaryl groups, all of which may be
optionally substituted. The aryl groups can include, for
example and without limitation, six to fourteen atoms.
Examples of aryl group can include, without limitation, phe-
nyl, pyridyl or naphthyl.

The protecting group (PG) as described herein and used to
protect the hydroxyl group of the compound of formula 1 is
not particularly limited and should be known to a person of
skill in the art or can be determined. In one embodiment, the
protecting group used is, for example and without limitation,
an ether-based or a silyl-based protecting group.

In a further embodiment, the ether-based protecting group
is, for example and without limitation, benzyl (Bn), 2-meth-
oxyethoxymethyl (MEM), trityl (Tr), monomethoxytrityl
(MMT), dimethoxytrityl (DMT), methoxymethyl (MOM),
p-methoxybenzyl (PMB) or tetrahydropyranyl (THP). Pro-
cess for removing ether-based protecting groups is not par-
ticularly limited, and should be known to a person of skill in
the art or can be determined. In one embodiment, for example
and without limitation, ether-based protecting groups can be
removed by use of an acid-deprotection step or by hydroge-
nation.

Inanother embodiment, the silyl-based protecting group is,
for example and without limitation, tert-butyldimethylsilyl
(TBDMS), tri-iso-propylsilyloxymethyl (TOM), triisopro-
pylsilyl (TIPS) or tert-butyldiphenylsilyl (TBDPS). In a still
further embodiment, the protecting group is tert-butyldiphe-
nylsilyl (TBDPS). Process for removing silyl-based protect-
ing groups is not particularly limited, and should be known to
a person of skill in the art or can be determined. In one
embodiment, for example and without limitation, silyl-based
protecting groups are removed by use of a fluoride source.
The fluoride source is not particularly limited, and should be
known to a person of skill in the art or can be determined. In
a further embodiment, the fluoride source is, for example and
without limitation, sodium fluoride (NaF), tetra-n-butylam-
monium fluoride (TBAF), pyridinium hydrofiuoride (HF-Py)
or triethylammonium fluoride (HF-NEt;).

The reduction of the ester of formula 2 can be carried out
using a reducing agent, which should be known to a person of
skill in the art or can be determined. The reducing agents used
in accordance with the specification are not particularly lim-
ited. In one embodiment, for example and without limitation,
the reducing agent provides a hydride ion to the carbon atom
of the carbonyl group in the compound of formula 2. In a
further embodiment, the reagent used to provide the hydride
ion is, for example and without limitation, diisobutylalumi-
num hydride (DIBAL) or sodium aluminum hydride

(NaAlIH,).

As noted above, in another aspect, the specification relates
to a compound of formula 8, wherein Ts is a tosylate

CH,C4H,S0,
TsO ‘\_<

In one embodiment, the overall process for the preparation
of compounds of formula 7a and 8, starting from the com-
pound of formula 1 is as shown in Scheme 7.
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Scheme 7: An embodiment for the process of preparation of compound of formula 7a and 8 from compound of formula la (Roche ester).

HO ~\_<0Me

N (6]

—_—
TBDPSCI,
Imidazole

la

TBDPSO OR TBDPSO
& —— >
DIBAL

< 6] < OH

2a

Swern
DIBAL

TBDPSO I TBDPSO
- —————
H B—T1-9-BBN

Sa
F-\
HO I I I
—_—
‘\_§ I—PPhy, H
6a Ta

TsCll
TsO ‘\_<

Scheme 7 discloses, in an embodiment, the process for
preparation of compounds of formula 7a and 8 (compound 8
is a specific embodiment of the compound of formula 7)
starting from the (R)-(-)-3-hydroxy-2-methylpropionic acid
methyl ester (Roche ester) 1a, which can be commercially
available in high enantiomeric excess. The use of 1a can help
in obtaining compounds of formula 7 in high enantiomeric
excess, using the process as described herein.

In brief, the hydroxyl group of the Roche ester 1a is pro-
tected with a silyl-protecting group, such as tert-butyldiphe-
nylsilyl (TBDPS) using tert-butyldiphenylsilyl chloride (TB-
DPSCI) to form the compound of formula 2a. Reduction of
the protected ester 2a with a hydride source, such as diisobu-
tylaluminum hydride (DIBAL) can lead to, depending upon
the conditions and reagents used, the 1,3-mono-protected
alcohol or the compound of formula 3a. The 1,3-mono-pro-
tected can be oxidized, for instance by Swern oxidation to
form the compound of formula 3a. The protected aldehyde 3a
can be converted to the alkyne 4a, using conditions as dis-
closed herein, followed by addition of the halide, such as I, to
form the compound of formula Sa. Using a fluoride source,
the compound of formula 5a is desilylated to form the com-
pound of formula 6a. To form the compound of formula 7a,
the compound of formula 6a can be reacted with [-—PPh;,
(that can be formed from I,, PPh;). Alternatively, the com-
pound of formula 6a can be reacted with tosyl chloride (TsCl)
to form the compound of formula 8.
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EMBODIMENTS

1. A process for the preparation of a compound of formula
75

LG

”I'l:,
=
=X

where LG is a leaving group, and hal is a halide and is Cl,
Brorl;
the process containing:
conversion of a compound of formula 4 to form a com-
pound of formula 5, where PG is a protecting group and
hal is as defined above;

PGO PGO hal
=

5

4, ',

deprotecting the compound of formula 5 to form the com-
pound of formula 6; and
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PGO hal HO hal

5 6

e,
1y, e,

/
y/

converting or substituting the hydroxyl group of the com-
pound of formula 6 to a leaving group LG, to form the
compound of formula 7

HO hal LG hal
\_§ . \_§

6 7

",
o,

wherein, LG is as defined above.
2. The process according to embodiment 1, wherein the
compound of formula 4 is formed from a compound of for-

mula 3
PGO ‘\_<H

0.

1, 4

3. The process according to embodiment 2, wherein a
Corey-Fuchs type reaction, Seyferth-Gilbert homologation
or a Bestmann modification is carried out on the compound of
formula 3 to form the compound of formula 4.

4. The process according to embodiment 2 or 3, wherein
the compound of formula 3 is reacted with dimethyl-1-diazo-
2-oxopropylphosphonate to form the compound of formula 4.

5. The process according to any one of embodiments 2 to 4,
wherein the compound of formula 3 is formed by

protecting the hydroxyl group of the compound of formula

1, wherein R is an alkyl or an aryl group, to form the
compound of formula 2; and

HO OR PGO OR
N = K
$ ) $ )
1 2

reducing the carbonyl carbon of the compound of formula
2 to form the compound of formula 3

PGO OR PGO H
Y
N 0 $ 0

2 3

6. The process according to embodiment 5, wherein R is
methyl.

7. The process according to embodiment 5 or 6, wherein
the reduction reaction is carried out using a hydride source.

8. The process according to embodiment 7, wherein the
hydride source is diisobutylalumium hydride (DIBAL).
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9. The process according to any one of embodiments 1to 8,
wherein the compound of formula 4 is reacted with B—I-9-
BBN or B—Br-9-BBN to form the compound of formula 5.

10. The process according to any one of embodiments 1 to
9, wherein LG is a halide.

11. The process according to embodiment 10, wherein the
halide is I.

12. The process according to any one of embodiments 1 to
11, wherein LG is a sulfonate-based leaving group.

13. The process according to embodiment 12, wherein the
sulfonate-based leaving group is nonaflate, triflate, fluorosul-
fonate, tosylate, mesylate or besylate.

14. The process according to embodiment 12 or 13,
wherein the leaving group is a tosylate.

15. The process according to any one of embodiments 1 to
14, wherein PG is an ether-based or a silyl-based protecting
group.

16. The process according to embodiment 15, wherein the
silyl-based protecting group is tert-butyldimethylsilyl (TB-
DMS), tri-iso-propylsilyloxymethyl (TOM), triisopropylsi-
Iyl (TIPS) or tert-butyldiphenylsilyl (TBDPS).

17. The process according to embodiment 15 or 16,
wherein the silyl-based protecting group is tert-butyldiphe-
nylsilyl (TBDPS).

18. The process according to embodiment 15, wherein the
ether-based protecting group is benzyl (Bn), 2-methoxy-
ethoxymethyl (MEM), trityl (Tr), monomethoxytrityl
(MMT), dimethoxytrityl (DMT), methoxymethyl (MOM),
p-methoxybenzyl (PMB) or tetrahydropyranyl (THP).

19. The compound of formula 8

TsO

%Z
T

wherein Ts is a tosylate CH;C,H,SO.,.
20. A compound of formula 7,

LG

”I'l:,
=
=X

where LG is a leaving group, and hal is a halide and is Cl,
Br or I, having an enantiomeric excess of 99% or greater.

21. The compound according to embodiment 20, wherein
LG is a halide or a sulfonate-based leaving group.

22. The compound according to embodiment 20 or 21,
wherein the halide is CI, Br or I.

23. The compound according to embodiment 20 or 21,
wherein the halide is I.

24. The compound according to embodiment 20 or 21,
wherein the sulfonate-based leaving group is nonaflate, tri-
flate, fluorosulfonate, tosylate, mesylate or besylate.

25. The compound according to embodiment 20 or 21,
wherein the sulfonate-based leaving group is tosylate.

26. The compound according to any one of embodiments
20 to 25, wherein the enantiomeric excess (ee) is 99.9%.

27. A process for the preparation of Halichondrin B or its
derivatives, comprising the method as defined in any one of
embodiments 1-18.
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28. A process for the preparation of Halichondrin B or its
derivatives, comprising reacting the compound as defined in
any one of claims 20 to 26.

EXAMPLES

The following examples are illustrative and non-limiting,
and represent specific embodiments of the present invention.

Example 1
Preparation of compound 2a (where PG is TBDPS
and R is Me)
HO—\ /OMe TBDPSO OMe
S\ TBDPSCL H
s 0 Imidazole s o]

la 2a

A solution of ester 1a (25.0 g) in 235 mL dichloromethane
was stirred magnetically under nitrogen in a 1 L three-necked
round bottomed flask. To this solution was added 18.7 g of
imidazole and the resultant mixture stirred until all contents
had completely dissolved. The resultant clear colorless solu-
tion was then cooled in an ice bath to 5° C., after which 55 mL
of neat tert-butyldiphenylsilylchloride (TBDPSCI, 58.2 g,
211.6 mmol, 1.0 equivalents) was added in two portions (30
mL and 25 mL) over 15 minutes. The solution was observed
to haze gradually, and then grow cloudy with a white crystal-
line suspended precipitate. Thin layer chromatography
(TLC) analysis (10% v/v EtOAc in heptane, AMCS and
KMnO, stains) showed disappearance of TBDPSCI after 90
minutes, and an NMR of an aliquot showed disappearance of
compound 1a after this time. After 2 hours 200 mL of 5% w/w
aqueous sodium bicarbonate solution was added to the round-
bottomed flask and allowed to stir at room temperature for 15
minutes, after which the mixture was separated, and the aque-
ous layer extracted with 100 mL dichloromethane. The organ-
ics were then combined and washed with 2x200 mL brine,
dried over sodium sulfate, filtered and concentrated under
reduced pressure to give 2a as a light yellow 0il (74.05 g, 98%
yield).

Example 2
Preparation of Compound 2a (where PG is TBDPS
and R is Me)
HO—\ /OMe TBDPSO OMe
& \  TBDPSCL ‘H
& 6} Imidazole & 0

la 2a

A solution of ester 1a (211 g) in dichloromethane (1.5 L)
was cooled to =20° C., after which imidazole (159 g) was
added. Once all reagents had dissolved, neat tert-butyldiphe-
nylsilylchloride (520 g) was added dropwise, keeping the
reaction temperature below 0° C. The reaction was allowed to
warm up to room temperature and, after agitating overnight,
it was quenched with ice-cold water (600 mL). The layers
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were separated, and the organic phase was dried over MgSO,,
filtered and concentrated under reduced pressure to give
crude compound 2a (690 g) as a yellow oil, which was
directly used in the next step without any further purification.

Example 3

Reduction of 2a to Form 3a

TBDPSO OMe TBDPSO 28
> - >
DIBAL N

N (6] N (6]

2a 3a

A solution of ester 2a (20.0 g) in dichloromethane (300
ml.) was cooled to —=70° C., after which a solution of diisobu-
tylaluminum hydride (1M in dichloromethane, 68 ml.) was
added dropwise so that the temperature of the reaction did not
exceed —65° C. during the addition. After agitating for 1 h,
methanol (2.7 mL.) was added all at once, and the solution was
allowed to warm to room temperature. A saturated aqueous
solution of sodium potassium tartrate (300 mL) was added,
and the biphasic mixture was vigorously agitated for another
hour. The layers were separated, and the aqueous phase
extracted 3 times with dichloromethane (50 mL). The com-
bined organic extracts were washed with brine (100 mL),
dried over sodium sulfate, filtered and concentrated under
reduced pressure to give the desired aldehyde 3a (17.4 g)asa
thick, clear, colorless oil, which was directly used in the next
step without any further purification.

Example 4

Formation of Compound 3a

TBDPSO OR
> —
DIBAL

N [¢]
2a
TBDPSO TBDPSO
$ - wern $ \O
3a

A solution of compound 2a (200 g) in dichloromethane
(2.0 L) was cooled to -70° C., after which a solution of
diisobutylaluminum hydride (1M in dichloromethane, 1.18
L) was added dropwise so that the temperature of the reaction
did not exceed —60° C. The reaction mixture was allowed to
warm up to —20° C. and was then quenched by dropwise
addition of aqueous pH 7 buffer solution (270 mL).

After agitating overnight, the reaction mixture was filtered,
and the residue washed with dichloromethane (1.0 L). The
combined filtrates were concentrated under reduced pressure
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to give the desired alcohol (176 g) as a light yellow oil, which
was dissolved dichloromethane (1.0 L) to form Solution A.

A solution of oxalyl chloride (70 mL) in dichloromethane
(1.6 L) was cooled to -70° C., after which DMSO (76 mL)
was added dropwise so that the temperature of the reaction
did not exceed —-60° C. After 20 min. agitation, Solution A
was added dropwise so that the temperature of the reaction
did not exceed -55° C. The reaction mixture was agitated for
30 min. and triethylamine (374 ml) was then added, also
dropwise to ensure that the temperature of the reaction did not
exceed —55° C. The reaction was agitated for 2 h at -60° C.,
then warmed up to -40° C. and quenched by addition of
saturated aqueous ammonium chloride solution (1.0 L) and
water (1.0 L). The phases were separated and the organic
layer was sequentially washed with water (1.3 L) and brine
(1.3 L), then concentrated under reduced pressure to give
aldehyde 3a (183 g) as a yellow oil, which was directly used
in the next step without any further purification.

Example 5

Formation of Alkyne of Formula 4a

TBDPSO o
N/
S\ 0 0
& 0 |I!
3a \NoMe
OMe
N2
TBDPSO—

s
&
s
&
&

4da

A solution of (1-diazo-2-oxo-propyl)-phosphonic acid
dimethyl ester (13.0 g, 67.6 mmol) in anhydrous tetrahydro-
furan (235 ml.) was cooled to —70° C. while being magneti-
cally stirred under nitrogen. Then 135.3 ml ofa 0.5 M solution
of sodium methoxide in methanol was added dropwise to the
stirred solution over 30 minutes. After addition was complete
a solution of the aldehyde 3a (9.2 g, 28.2 mmol) in anhydrous
tetrahydrofuran (134 ml) was added dropwise to the stirred
solution over 30 minutes. After addition was complete the
resulting solution was permitted to slowly warm to room
temperature over a period of 30 minutes, after which it was
stirred at room temperature for 16 hours. TL.C analysis at this
point showed presence of product. The stirred solution was
quenched with 100 mL 5% w/w aqueous NaHCO, solution
and then concentrated under reduced pressure to ~50% of its
original volume by visual inspection. This mixture was then
extracted 6x50 mL methyl tert-butyl ether (MTBE). The
organic extracts were combined, washed with 200 mL brine,
dried over Na,SQ,, filtered and concentrated under reduced
pressure to give 8.4 g of crude product. This was then chro-
matographed on silica gel using 5% v/v ethyl acetate in hep-
tane to give 8.0 g (88% yield) of pure product 4a.
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Example 6

Formation of Alkyne of Formula 4a

TBDPSO H
N4
S N\ 0 0
& 0 g
3a SoMe
OMe
N2
TBDPSO—

§
$
$
$
3§

4da

A solution of (1-diazo-2-oxo-propyl)-phosphonic acid
dimethyl ester (248 g) in tetrahydrofuran (2.0 L) was cooled
to =70° C., and a mixture of NaOMe solution (25% w/w in
MeOH, 295 ml) and anhydrous methanol (300 mL) was
added dropwise, keeping the reaction temperature below
-60° C. The reaction was agitated at —=70° C. for 1 h, after
which a solution ofthe aldehyde 3a (183 g) in tetrahydrofuran
(700 mL) was added dropwise, keeping the reaction tempera-
ture below —-60° C. The resulting reaction mixture was
allowed to slowly warm to 10° C., after which it was
quenched with a mixture of saturated aqueous NaHCO; (700
mL) and water (1.4 L). After dilution with tert-butyl methyl
ether (1.4 L), the layers were separated and the aqueous phase
was extracted once with tert-butyl methyl ether (1.4 L). The
combined organic layers were washed twice with brine (1.4
L), concentrated under reduced pressure and applied to a
silica gel pad (150 g). Elution with heptane followed by
concentration under reduced pressure gave alkyne 4a (141 g)
as colorless oil.

Example 7

Formation of Compound 5a, where Hal is [

TBDPSO—

_—
— B—I9-BBN

s
s
s
&
N

4,

TBDPSO‘\_<

Sa

A solution of 4a (2.0 g, 3.1 mmol) in 40 mL heptane was
cooled to —=20° C. in a dichloroethane/dry ice bath with mag-
netic stirring under nitrogen. To this solution was added drop-
wise 7.4 mL (1.2 eq) of a 1M solution of B-iodo-9-borabicy-
clo[3.3.1]nonane (B—I-9-BBN) in hexanes over ten minutes.
The solution was then allowed to warm to 0° C. by replace-
ment of the cooling bath to one with ice. After 1 hour an
aliquot was collected and treated with acetic acid. NMR
analysis of the aliquot showed presence of the desired product
and disappearance of the starting material. After 90 minutes
2.4 mL of neat glacial acetic acid was added to the solution,
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which was allowed to stir at 0° C. for 1 hour. The resulting
solution was then allowed to warm to room temperature over
30 minutes before 100 mL of 5% w/w aqueous sodium bicar-
bonate was slowly added to the reaction mixture, and then
placed in a separatory funnel, washed with 100 mL of 1M
aqueous sodium thiosulphate solution, washed with 100 mL
brine, dried over sodium sulphate, filtered and concentrated
under reduced pressure to give 4.0 g of a pale yellow oil. This
oil was chromatographed on silica gel using 5% v/v ethyl
acetate solution in heptane to give 2.6 g (94% yield) of prod-
uct Sa.

Example 8

Formation of Compound 5a, where Hal is |

TBDPSO—

_—
— B—I9-BBN

S
§
$
$
$
a

4,

TBDPSO~\_<

Sa

A solution of 4a (140 g) in heptane (2.8 L) was cooled to
-40° C. and a solution of B-iodo-9-borabicyclo[3.3.1]nonane
(1M in hexanes, 520 ml.) was added dropwise, keeping the
reaction temperature below -30° C. The reaction was further
agitated for 1 h, after which glacial acetic acid (37 mL) was
added to the solution dropwise, keeping the reaction tempera-
ture below -15° C. The resulting reaction mixture was
allowed to warm to 0° C., and was then quenched with an
aqueous solution of NaHCO, (72 g) in water (1.4 L). The
phases were separated and the organic layer was sequentially
washed with water (1.5 L) and brine (1.0 L), then concen-
trated under reduced pressure. The residue (274 g) was dis-
solved in heptane (500 mL.) and applied to a silica gel column
(500 g). Elution with heptane gave iodide 5a (185 g) as a
colorless oil.

Example 9

Formation of Compound 6a and its Conversion to
Compound 8

TBDPSO I HO I
> e )
s HFpyr s
Sa 6a
TSO‘\_<

8

—_—
TsCl

To a cooled solution of 5a (1 g) in dichloromethane (5 mL)
was added a solution of hydrogen fluoride in pyridine (70%
w/w, 0.6 mL). The reaction mixture was then allowed to warm
slowly to room temperature, and agitated for 18 hours. The
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reaction mixture was quenched with aqueous NaHCO, solu-
tion (5% w/w, 10 mL), the phases were separated and the
organic layer was washed with brine (10 mL), dried over
Na,SO, and filtered. To the filtrate was then added of p-tolu-
enesulfonyl chloride (0.64 g), triethylamine (0.38 mL), and
4-dimethylaminopyridine (0.07 g). The reaction was heated
for 16 hours, after which it was diluted with dichloromethane
(10 mL), then sequentially washed with aqueous HCI (1M, 10
mL), twice with aqueous sodium bicarbonate (5% w/w, 10
ml) and brine (10 mL). After drying sodium sulphate, the
organic layer was filtered, concentrated under reduced pres-
sure and chromatographed on silica gel using 5% v/v ethyl
acetate in heptane as the eluent to give compound 8 (0.5 g).

Example 10

Formation of Compound 6a

TBDPSO I HO I
—_—
TBAF

Sa 6a

A solution of compound 5a (185 g) in tetrahydrofuran (925
ml) was cooled to 5° C., after which a solution of tetrabuty-
lammonium fluoride (1M in tetrahydrofuran, 452 ml) was
added dropwise so that the temperature of the reaction did not
exceed 10° C. The reaction was warmed up to room tempera-
ture and agitated for 4 h, after which it was quenched with
saturated aqueous ammonium chloride solution (60 mL). The
layers were separated and the organic phase was concentrated
under reduced pressure. The residue was applied to a silica gel
column (870 g) and eluted with a gradient 0-20% v/v ethyl
acetate in cyclohexane, followed by another gradient 10-20%
v/v ethyl acetate in dichloromethane. All product containing
fractions were concentrated under reduced pressure and the
residue was applied to another silica gel column (100 g) and
eluted with a gradient 20-67% v/v dichloromethane in cyclo-
hexane, giving the desired alcohol 6a (79 g) as a light yellow
oil.

Example 11

Formation of Compound 7a, where .G and Hal are

Both I

8 Ta

—_—
Nal, acetone

To a solution of 8 (0.075 g) in acetone (1 mL) was added
sodium iodide (0.124 g). The reaction mixture was agitated at
50° C. for 16 hours, after which it was diluted with pentane
(10 mL). The resulting suspension was filtered and the resi-
due rinsed with pentane. The combined filtrates were sequen-
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tially washed with 1M aqueous sodium thiosulphate solution
and brine, then dried over Na,SO,, filtered and concentrated
under atmospheric pressure. The residue was chromato-
graphed using heptane as the eluent to give of compound 7a as
a light pink oil (0.054 g).

Example 12

Formation of Compound 7a

HO I I I
.
H PPhs, NIS, CH,Cl ‘\‘_§

6a Ta

A solution of compound 6a (2.0 g) and triphenylphosphine
(2.72 g) in dichloromethane (45 mL.) was cooled to 5° C. and
solid N-iodosuccinimide (NIS, 2.33 g) was added in portions
so that the temperature of the reaction did not exceed 10° C.
The reaction was warmed up to room temperature and agi-
tated overnight, after which it was quenched with water (40
mL). The phases were separated and the organic layer was
washed twice with water (40 mL) and concentrated under
reduced pressure. The residue was suspended in cyclohexane
(40 mL), filtered and the filtrate was concentrated under
reduced pressure and the resulting oil was applied to a silica
gel column (12 g) and eluted with cyclohexane to give com-
pound 7a (1.7 g) as a colorless liquid.

Example 13

Formation of Compound 7a

HO‘\_< I‘\_<

6a Ta

—_——
PPh3, I, imidazole,
CH,Cl,

To a solution of compound 6a (20.0 g) and triphenylphos-
phine (29.7 g) in toluene (400 mL.) was mixed with a solution
of imidazole (15.4 g) in acetonitrile (100 mL) and to the
resulting mixture was added solid iodine (28.7 g), in portions
so that the temperature of the reaction did not exceed 30° C.
The resulting suspension was warmed up to 55° C. and agi-
tated at that temperature until the reaction was complete. The
reaction mixture was washed twice with water (400 mL),
followed by 10% w/w aqueous sodium thiosulphate solution
(200 mL) and brine (400 mL). The organic phase was con-
centrated under reduced pressure and the residue was sus-
pended in cyclohexane (400 mL). The mixture was filtered,
the solids washed with cyclohexane (200 mL) and the com-
bined filtrates were concentrated under reduced pressure. The
residue was applied to a silica gel column (100 g) and eluted
with cyclohexane to give compound 7a (21.2 g) as a colorless
liquid.
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Example 14

Formation of Compound 9a

Br. Br
TBDPSO O
_\:—( —_—
$ CBr,  TpPso .
S H  pph i
3a a

A solution of triphenylphosphine (4.31 g) in anhydrous
dichloromethane (5.5 mL.) was cooled to —10° C. and a solu-
tion of carbon tetrabromide (2.72 g) in anhydrous dichlo-
romethane (2.05 mL) was added in one portion. After the
solution returned to —10° C., a solution of compound 3a (1.34
g) in anhydrous dichloromethane (3.15 mL.) was added drop-
wise. The reaction mixture was agitated for 4 hours at —-10°
C., after which it was quenched with aqueous NaHCO, solu-
tion (5% w/w, 10 mL). The phases were separated, and the
organic layer was sequentially washed with water (10 mL)
and brine (10 mL), then dried over Na,SO,, filtered and
concentrated under reduced pressure. The residue was chro-
matographed onsilica gel, using as eluent a gradient 0-5% v/v
ethyl acetate in heptane, to give compound 9a (1.3 g).

Example 15

Formation of Compound 4a

Br
TBDPSO Br TBDPSO
/) wn /4
nBuli _\_/
THF
$ -78° C. N

4da

To a stirred solution of compound 9a (1.0 g) in anhydrous
tetrahydrofuran cooled to —70° C. in a dry ice/acetone bath
was added dropwise a solution of n-butyllithium 2.5M in
hexane, 2.1 mL. The reaction was agitated at —=70° C. for 90
minutes, after which it was warmed up to 0° C. and quenched
with saturated aqueous ammonium chloride solution (5 mL).
The reaction mixture was diluted with heptane (50 mL), and
sequentially washed with 5% w/w aqueous sodium bicarbon-
ate solution (100 mL) and brine (100 mL.). The organic phase
was dried over sodium sulphate, filtered and concentrated
under reduced pressure to give a clear colorless oil (0.9 g).
This was then chromatographed on silica gel, using as eluent
a gradient 5-40% v/v ethyl acetate in heptane, to yield com-
pound 4a (0.52 g).

Certain adaptations and modifications of the described
embodiments can be made. Therefore, the above discussed
embodiments are considered to be illustrative and not restric-
tive.

What is claimed is:
1. A process for the preparation of a compound of formula
75
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LG ‘\_<al

wherein: LG is a leaving group, and hal is a halide selected
from the group consisting of Cl, Br or I; the process compris-
ing:
converting of a compound of formula 4 to form a com-
pound of formula 5, where PG is a protecting group and
hal is as defined above;

PGO PGO hal

4 5

m,

deprotecting the compound of formula 5 to form a com-
pound of formula 6; and

PGO hal HO
H .

5

,
n,,
o .
=
=N

converting or substituting the hydroxyl group of the com-
pound of formula 6 to a leaving group LG, to form the
compound of formula 7

HO hal LG hal

6 7

2,
l"l

#
7

2. The process according to claim 1, further comprising
forming the compound of formula 4 from a compound of
formula 3

PGO

4,

r
jus)

0.

3. The process according to claim 2, wherein forming the
compound of formula 4 comprises carrying out a Corey-
Fuchs type reaction, Seyferth-Gilbert homologation or a
Bestmann modification on the compound of formula 3 to
form the compound of formula 4.

4. The process according to claim 2, wherein forming the
compound of formula 4 comprises reacting the compound of
formula 3 with dimethyl-1-diazo-2-oxopropylphosphonate
to form the compound of formula 4.

5. The process according to claim 2, wherein forming the
compound of formula 3 comprises:

protecting the hydroxyl group ofa compound of formula 1,

wherein R is an alkyl or an aryl group, to form a com-
pound of formula 2; and
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HO OR PGO OR
NN
§ 0 $ 0
1 2

reducing the carbonyl carbon of the compound of formula
2 to form the compound of formula 3

PGO OR PGO H
) S G

(6] 0.
2 3

I/,'
e,

/
y/

6. The process according to claim 5, wherein R is methyl.

7. The process according to claim 5, wherein reducing the
carbonyl carbon reduction reaction is carried out using a
hydride source.

8. The process according to claim 1, wherein converting the
compound of formula 4 to the compound of formula 5 com-
prises reacting the compound of formula 4 is reacted with
B-iodo-9-borabicyclo[3,3,1Jnonane  (B—I-9-BBN)  or
B-bromo-9-borabicyclo[3,3,1 |nonane (B—Br-9-BBN) to
form the compound of formula 5.

9. The process according to claim 1, wherein LG is a halide.

10. The process according to claim 1, wherein LG is a
sulfonate-based leaving group.

11. The process according to claim 1, wherein PG is an
ether-based or a silyl-based protecting group.

12. The process according to claim 11, wherein the silyl-
based protecting group is tert-butyldimethylsilyl (TBDMS),
tri-iso-propylsilyloxymethyl (TOM), triisopropylsilyl (TIPS)
or tert-butyldiphenylsilyl (TBDPS).

13. The process according to claim 11, wherein the ether-
based protecting group is benzyl (Bn), 2-methoxyethoxym-
ethyl (MEM), trityl (Tr), monomethoxytrityl (MMT),
dimethoxytrityl (DMT), methoxymethyl (MOM), p-meth-
oxybenzyl (PMB) or tetrahydropyranyl (THP).

14. The compound of formula 8

TsO

%Z
T

wherein Ts is a tosylate of the formula CH,C,H,SO,.
15. A compound of formula 7,

7
LG‘\_<al
wherein:

LG is a sulfonate-based leaving group;

hal is a halide selected from the group consisting of Cl, Br
or I; and

said compound has an enantiomeric excess of 99% or
greater.
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16. The compound according to claim 15, wherein LG is a
tosylate of the formula CH,C,H,SO,, and the halide is Cl or
Br a halide or a sulfonate based leaving group.

17. The compound according to claim 15, wherein the
sulfonate-based leaving group is nonaflate, triflate, fluorosul-
fonate, tosylate, mesylate or besylate.

18. The compound according to claim 15, wherein the
enantiomeric excess (ee) is 99.9%.

19. A process for the preparation of a halichondrin, com-
prising:

converting a compound of formula 4 to form a compound

of formula 5, where PG is a protecting group and hal is
ahalogen selected from the group consisting of Cl, Br, or
I

PGO PGO hal

4 5

n, ty
n, o,

deprotecting the compound of formula 5 to form a com-
pound of formula 6; and

PGO hal HO hal
H . \_§

5 6

n, 1y
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converting or substituting the hydroxyl group of the com-
pound of formula 6 to a leaving group LG, to form the
compound of formula 7

HO hal LG hal
\_& . \_§ |

6 7

wherein: LG is a leaving group, and hal is defined as set forth
above; and
the method further comprises utilizing the compound of
formula 7 as a building block in the synthesis of said
halichondrin.
20. The process of claim 19, wherein:
said compound of formula 7 has an enantiomeric excess of
99%; and
in said compound of formula 7, LG is a sulfonate-based
leaving group.
21. The process of claim 19, wherein said halichondrin is
halichondrin B.

22. The process according to claim 19, wherein said hali-
chondrin is Eribulin.



